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Abstract—We experimentally demonstrate and characterize a
high-speed frequency-swept pump in a fiber-optical parametric
amplifier (FOPA). The high-speed swept pump is achieved with
the swept rate as high as 78 MHz by a technique called dispersive
Fourier transformation (DFT), which circumvents the funda-
mental speed limitation shown in the conventional swept-sources
based on the cavity configurations. Based on such swept pump
FOPA, the idler can be generated with a wavelength range twice
the pump bandwidth. Such an all-optical approach offers an
order-of-magnitude higher swept rate and thus lends itself to
many applications such as high-speed signal processing and
optical imaging.
Index Terms—Dispersive Fourier transformation (DFT), fiber-
optical parametric amplifier (FOPA), swept-source.
I. INTRODUCTION
F AST and stable swept-sources are required for a widerange of applications in high-speed optical imaging, in-
cluding swept-source optical coherence tomography (SS-OCT)
and serial time-encoded amplified microscopy (STEAM) [1],
[2]. Typically the swept-sources can be achieved based on
various cavity configurations. For example, Fourier domain
mode locking (FDML) has been employed in SS-OCT as a
high-speed swept-source for achieving the axial scanning rate
more than 300 kHz [3]. However, the swept speed in such
configuration is fundamentally limited by the cavity lifetime,
which also has a direct relation with the linewidth. As a result,
most current swept-sources can only achieve the swept rate in
the kHz range [4]. In view of this constraint, we here introduce
a high-speed cavity-free swept-source generated by a novel
fiber optical parametric amplifier (FOPA) in which an ultra-
fast swept pump is realized by a technique called dispersive
Fourier transformation (DFT) [5]. Due to its intrinsic ultrafast
response and its capability of accessing the nonconventional
wavelength bands [6], FOPA is advantageous for the generation
of high-speed and wideband swept-sources [7].
In this Letter, we experimentally demonstrate both the
high-speed swept pump enabled by DFT and the degenerate
four-wave mixing (FWM) process in FOPA. The fact that this
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Fig. 1. Schematic diagram: (a) DFT; (b) swept pump FOPA (pulsed signal).
all-optical technique can bypass the aforementioned limitation
imposed by the complex mechanical implementations in the
cavity-based swept-sources, and thus can increase the swept
rate up to MHz or even GHz. For a continuous-wave (CW)
FOPA signal, we are able to generate a bandwidth-doubled idler
with respect to the pump. In case of the pulsed FOPA signal,
if the swept rate is up to 10 GHz, similar to the FWM scheme
using chirped pulse [8], the swept pump FOPA could also
be used in demultiplexing optical time-division multiplexing
(OTDM) systems.
II. PRINCIPLE
DFT is a technique that maps the spectrum of an optical pulse
onto a time-domain waveform using group-velocity dispersion
(GVD) in a dispersive element (e.g., dispersive fiber), as shown
in Fig. 1(a) [5]. Hence, ultrafast frequency sweeps can be
realized all-optically through DFT from a short pulse with a
wideband spectrum, which can be created by supercontinuum
(SC) generation [9]. This all-optical method gives an alterna-
tive solution for the aforementioned swept speed limitation.
We note that incorporating simultaneous optical amplification
during DFT readily results in a powerful technique called
amplified DFT (ADFT). The optical amplification in ADFT
overcomes the fundamental trade-off between optical loss and
GVD [5], and hence is able to greatly enhance the power of the
ADFT-enabled swept-source.
The swept-source generated by DFT can be used as the pump
of FOPA. In FOPA, two pump photons ( ) are annihilated to
create signal ( ) and idler ( ) photons [10]. In case of a pulsed
FOPA signal, consider a frequency-swept pump (middle plot
in Fig. 1(b)), if the signal pulse is moved in the time domain
(bottom plot in Fig. 1(b)), the newly generated idler pulse will
be moved in wavelength domain (top plot in Fig. 1(b)), due to
the degenerate FWMprocess, and this idler could be regarded as
a tunable laser source, with the wavelength tuning range twice
as that of the pump, like the right axis shown in Fig. 1(b). In
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Fig. 2. Experimental setup of high-speed swept pump FOPA: (a) the swept-
source generation by the DFT process; (b) the swept pump FOPA.
case of a CW signal and the pump frequency is swept by ,
the idler frequency will be swept by [4]. As a result, by
employing such DFT-based FOPA as well as a CW signal, we
can generate a high-speed swept-source with a swept range as
twice as the pump bandwidth and a swept rate determined by
the repetition rate of the pulse source, which can be up to MHz
or even GHz.
III. EXPERIMENTAL SETUP
The experimental setup of the swept pump generation is
shown in Fig. 2(a). A picosecond mode-locked fiber laser
(MLFL) generated 10-GHz 5.8-ps short pulses at the wave-
length of 1554.8 nm, and its repetition rate was down-converted
to 78 MHz by an amplitude modulator (AM). This increased
the peak power after EDFA 1 ( 22 W), and also avoid the
temporal overlap between adjacent pulses during the DFT
process. Meanwhile, the pump repetition rate cannot be too
slow due to the limited coherence length of the CW-trigger
[11]. To generate the SC, this amplified pulse was fed into a
50-m highly-nonlinear dispersion-shifted fiber (HNL-DSF),
with a nonlinear coefficient of 14 W km , dispersion slope
of 0.035 ps nm km, and a zero-dispersion wavelength (ZDW)
at 1554.7 nm. The SC was filtered out within a wavelength
range of 1561 nm to 1565 nm by a variable bandwidth tunable
bandpass filter (VBTBPF). This filtered SC was coupled into a
dispersive fiber, which was a 50-km single-mode fiber (SMF),
and resulted in an ultrafast swept-source generated by the DFT
process. We added a weak CW light (with a power of 0 dBm at
a wavelength of 1610 nm) from a tunable laser source (TLS) at
the HNL-DSF input to further enhance the SC generation and
to improve the SC coherence. Such weak CW acts as a trigger
to actively control the soliton fission – a critical process for
ultra-broadband SC generation [11].
Fig. 2(b) shows the configuration of the swept pump FOPA.
The swept-source generated by DFT was further amplified to
12.4 dBm. Combined with a signal (pulsed or CW), it thus
acted as the pump of the FOPA, within another spool of 1-km
Fig. 3. (Top) Temporal waveform of the swept pump (black sampling points)
and the mapping between wavelength and time (red curve right axis). (Bottom)
Signal pulse at three time points (colored sampling points) with constant wave-
length (purple curve right axis).
Fig. 4. Swept pump FOPA spectra with the pulsed signals at three different
time points (solid lines), corresponding to the waveform shown in Fig. 3. The
signal-only spectrum (dashed line) and the pump-only spectrum (dashed–dotted
line) are also shown. Insets: the amplified signal and idler waveforms.
HNL-DSF (with the same nonlinear coefficient and dispersion
slope, and the ZDWat 1561 nm). In case of the pulsed signal, the
optical delay line (ODL) was used to adjust the time delay be-
tween the swept pump and the pulsed signal. Finally, the FOPA
spectrum was captured by the optical spectrum analyzer (OSA).
IV. RESULTS AND DISCUSSION
A. With Pulsed Signal
By moving the pulsed signal (with a fixed central wave-
length at 1554.8 nm) across the swept pump temporal waveform
(Fig. 3), we observed the corresponding wavelength shift in the
generated idler, as shown in the FOPA spectra in Fig. 4. Using
the degenerate FWM relation, we could obtain the inside pump
wavelength (upper plot in Fig. 3), and it shows that the pump
is chirped with an averaged slope of 4 nm/3.4 ns. The swept
time of the pump can be evaluated by a relation: ,
where is the chirped range (4 nm), is the dispersion of
the SMF (17 ps/nm/km), and is the fiber length (50 km). It
agrees well with the measured value of ns (see Fig. 3).
We experimentally measured the instantaneous linewidth and
the averaged linewidth of the swept-pump to be about 0.135 nm
both, according to the two methods introduced in [12], which is
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Fig. 5. FOPA spectrumwith a CW signal (solid line). The input signal spectrum
is also shown (dashed line).
adequate for imaging applications, e.g., SS-OCT requires less
than 0.2 nm [13].
We note that the swept pump FOPA is able to achieve a signal
on-off gain of 18 dB, albeit the optical signal-to-noise ratio
(OSNR) was degraded to 14 dB, as shown in Fig. 4. We can fur-
ther improve the signal OSNR by filtering out the out-of-band
amplified spontaneous emission (ASE) noise from the pump.
Moreover, the timing jitters of the amplified signal and idler
were measured to be 1.09-ps and 2.48-ps, respectively (insets
of Fig. 4).
The ultrafast responses of DFT and FOPA show promise for
achieving even higher swept speed. For example, if the swept
rate is increased to 10 GHz, like in the OTDM system, sev-
eral signal pulses will interact with one pump pulse. Therefore,
newly generated idler pulses will spread over different wave-
lengths and demultiplexing of all the channels can thus be real-
ized simultaneously [8].
B. With CW Signal
When the input signal of a swept-pump FOPA is CW, an idler
with a doubled swept range can be generated (Fig. 5). Sim-
ilar to the previous swept-source based on FWM [4], [14], the
idler not only exhibit a doubled swept-range, it also inherit the
same high swept rate of the pump. Compared with the complex
phase-lock loop configuration as in [14], we here utilize DFT as
an all-optical method to create a high-speed swept-pump (with
a swept rate as high as 78 MHz) for the FOPA. Besides, the
phase-matching condition is satisfied in our work, and the corre-
sponding parametric gain is observed. From Fig. 5, the average
gain of FOPA is dB. As the duty ratio of the pump pulse
is , we could obtain the peak gain dB[6]:
(1)
The idler realized here has a swept range of 8 nm. But the
idler spectrum falls off at the red-shifted region (see the circle in
Fig. 5). It can be explained by the dispersion-induced phase mis-
match in the long HNL-DSF. In addition, the cascaded -stage
FOPA could be employed to scale up the output swept range by
a factor of [14], which makes DFT based swept-source wide
enough for the application of SS-OCT.
V. CONCLUSION
In summary, we have experimentally demonstrated and char-
acterized an ultrafast swept pump FOPA. The ultrahigh-speed
(78 MHz) swept pump was realized by a technique called DFT.
Compared with the prior works on swept-sources, our DFT-
based FOPA shows several advantages, such as ultrahigh speed
without moving part, controllable wavelength range, and extra
parametric gain. This all-optical approach could have great po-
tential in applications such as high-speed signal processing and
optical imaging.
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